INTRODUCTION
============

The brain is extremely susceptible to hypoxia-induced injury due to its high demand for oxygen; thus, ischemic stroke is one of the most common brain diseases ([@b1-bmb-49-687]). Microglial activation in the brain plays an important role in the progression of neurodegenerative pathologies; activated microglia secrete reactive oxygen species (ROS), chemokines, and pro-inflammatory cytokines that elicit neuroinflammatory responses and contribute to hypoxic brain injury ([@b2-bmb-49-687]). Because hypoxia can also promote neuronal injury through microglial activation during cerebral ischemia, inflammation may play an important role in the progression of both ischemic stroke and hypoxia ([@b3-bmb-49-687]), although the exact mechanism for microglial activation after ischemic injury remains unclear. Thus, pharmacological agents against microglial activation may have a therapeutic benefit in the amelioration of hypoxic damage. Despite the abundance of data on the subject, neuroprotective drugs that are fully effective against hypoxia-induced microglial activation are yet to be developed.

Azetidine derivatives have been suggested as useful therapeutic agents for various diseases, and a diverse collection of azetidine-based scaffolds for the development of central nervous system (CNS)-focused lead-like libraries have been reported ([@b4-bmb-49-687], [@b5-bmb-49-687]). In addition, biological activities of azetidine derivatives against serotonin, norepinephrine, and dopamine transporters have been reported ([@b6-bmb-49-687], [@b7-bmb-49-687]). However, their mechanisms of action are not completely understood.

We have synthesized and examined various compounds for their ability to control neuronal injury related to microglial activation. During the course of these studies, we recently reported the anti-inflammatory effects of 3-(naphthalen-2-yl(propoxy)methyl)azetidine hydrochloride (KHG26792) on the ATP-induced activation of the NFAT and MAPK pathways through the P2X7 receptor in microglia ([@b8-bmb-49-687]). However, the mechanism of action of KHG26792 remained largely unclear. Herein we describe the characterization of the effects and mechanisms of KHG26792 on hypoxia-induced toxicity in murine microglia BV-2 cells which reproduce the in vivo situation or primary microglia with high fidelity in many experimental settings, including pharmacological studies ([@b9-bmb-49-687]).

RESULTS AND DISCUSSION
======================

KHG26792 alleviates hypoxia-induced toxicity in BV-2 microglial cells
---------------------------------------------------------------------

Exposure to hypoxia induces microglia activation during cerebral ischemia together with production of various pro-inflammatory cytokines and ROS. In this study, we aimed to clarify the protective effect and possible mechanism of KHG26792 on microglial activation induced by hypoxia using in vitro systems.

First, we investigated the effect of KHG26792 on hypoxia-induced toxicity using the MTT assay in cultured BV-2 cells. BV-2 cells were pretreated with KHG26792 for 30 min followed by hypoxia for 24 h. The results of this assay demonstrated a 49% reduction in cell viability 24 h after hypoxia ([Fig. 1A](#f1-bmb-49-687){ref-type="fig"}), which is in agreement with previous observations ([@b2-bmb-49-687], [@b10-bmb-49-687]). However, 50 μM KHG26792 rescued cells from hypoxia-induced toxicity to near normal viability levels ([Fig. 1A](#f1-bmb-49-687){ref-type="fig"}). No toxicity from KHG26792 itself was observed, and the viability of microglial cells treated with KHG26792 alone approached 100% ([Fig. 1A](#f1-bmb-49-687){ref-type="fig"}). The effects of KHG26792 on the hypoxia-induced apoptosis were also confirmed by observing increased TUNEL staining. Our results showed that hypoxia caused widespread TUNEL staining, while no significant TUNEL staining was seen in the control group, suggesting that hypoxia induced apoptotic cell death ([Fig. 1B](#f1-bmb-49-687){ref-type="fig"}). Interestingly, KHG26792 treatment significantly reduced the hypoxia-induced TUNEL staining ([Fig. 1B](#f1-bmb-49-687){ref-type="fig"}), suggesting its function as an effective regulator of the apoptotic process and confirming the results obtained by caspase assay.

Previous studies have reported that hypoxia--ischemia-induced apoptosis in the brain is evident by the activation of caspase-3 ([@b10-bmb-49-687]). We further examined the effects of KHG26792 on the levels of caspase-3 as hypoxia is known to promote cell death through a caspase-3 dependent pathway ([@b11-bmb-49-687]). In this study, KHG26792 pretreatment significantly reduced hypoxia-induced caspase-3 activity ([Fig. 2A](#f2-bmb-49-687){ref-type="fig"}), further supporting its protective role. Taken together, these results indicate that KHG26792 effectively protected BV-2 cells from hypoxia-induced toxicity. As shown in [Fig. 2B](#f2-bmb-49-687){ref-type="fig"}, western blot analysis also indicated that hypoxia led to an increased expression of caspase-3, whereas KHG26792 significantly decreased the expression of caspase-3 in hypoxia-induced BV-2 cells. These results suggest that KHG26792 promotes cell survival via the inhibition of hypoxia-induced expression of caspase-3.

Effects of KHG26792 on hypoxia-induced NO, iNOS, protein nitration, ROS, and NADPH oxidase
------------------------------------------------------------------------------------------

Hypoxia-induced microglial activation releases large quantities of NO through an increase in iNOS expression in response to brain damage ([@b2-bmb-49-687]). Herein we examined the effects of KHG26792 on the regulation of NO and iNOS levels in hypoxia-induced BV-2 cells. Hypoxia substantially increased the levels of nitrite, an indicator of NO production, compared with those in the untreated control ([Fig. 3A](#f3-bmb-49-687){ref-type="fig"}). Nitrite levels significantly decreased from the pretreatment of KHG26792 compared with those in the corresponding hypoxia-induced group ([Fig. 3A](#f3-bmb-49-687){ref-type="fig"}). Hypoxia induced a marked upregulation of iNOS protein expression of up to 4 fold ([Fig. 3B](#f3-bmb-49-687){ref-type="fig"}). In contrast, KHG26792 treatment effectively reduced the levels of iNOS protein compared with those in the hypoxia-induced group in the absence of KHG26792 ([Fig. 3B](#f3-bmb-49-687){ref-type="fig"}). This reduction in iNOS expression correlated with reduced NO accumulation. Again, KHG26792 alone showed no significant effects on hypoxia-induced changes in NO and iNOS levels in BV-2 cells ([Fig. 3A, B](#f3-bmb-49-687){ref-type="fig"}). Recently, we reported that KHG26792 exhibits anti-inflammatory and anti-oxidant activities as a consequence of iNOS downregulation in ATP-induced microglia ([@b8-bmb-49-687]), which is consistent with the anti-inflammatory and anti-oxidant activities of KHG26792 we observed as a consequence of the downregulation of iNOS ([Fig. 3B](#f3-bmb-49-687){ref-type="fig"}). Collectively, the reduction in the levels of hypoxia-induced NO, along with reduced expression of iNOS, from KHG26792 treatment suggests that KHG26792 is an effective inhibitor of hypoxia-induced injury.

Nitrotyrosine, formed by the reaction of reactive nitrogen species with proteins, is reportedly elevated in hypoxic--ischemic brain injury ([@b11-bmb-49-687]). To assess the effects of KHG26792 against hypoxia-induced protein nitration, we evaluated nitrotyrosine using immunochemical methods. Hypoxia increased 3-nitrotyrosine levels ([Fig. 3C](#f3-bmb-49-687){ref-type="fig"}), whereas the treatment of cells with KHG26792 inhibited hypoxia-induced protein nitration ([Fig. 3C](#f3-bmb-49-687){ref-type="fig"}). KHG26792 itself showed no effects on protein carbonyls or 3-nitrotyrosine levels. These results indicate the potential of KHG26792 in hypoxia-induced protein nitration in cultured BV-2 cells.

ROS induced by hypoxia leads to microglial cell death, and ROS levels have been reported to be increased in the brains of experimental animal models of agent-induced hypoxia ([@b12-bmb-49-687]). For these reasons, anti-oxidants that suppress hypoxia-induced ROS production may have neuroprotective potential. In the present study, we measured the effects of KHG26792 on the levels of ROS. Consistent with previous reports ([@b12-bmb-49-687], [@b13-bmb-49-687]), we found that ROS levels in the hypoxia-induced group were approximately 5-fold higher than those in the control group ([Fig. 3D](#f3-bmb-49-687){ref-type="fig"}). However, KHG26792 administration significantly reduced the high levels of ROS induced by hypoxia ([Fig. 3D](#f3-bmb-49-687){ref-type="fig"}), suggesting a potential anti-oxidant role of KHG26792.

Previous studies have reported that the activation of NOX serves as a critical source of superoxide, a highly damaging ROS in oxidative injury, and that long-term hypoxia exposure induces excessive brain NOX activity, which plays a role in hypoxia-induced CNS dysfunction and neurobehavioral impairments ([@b14-bmb-49-687]). In addition, NOX-mediated oxidative damage is involved in the pilocarpine model of temporal lobe epilepsy and in the postsynaptic density after transient cerebral ischemia and reperfusion ([@b13-bmb-49-687]). Accordingly, we examined the activity of NOX in hypoxia-induced BV-2 cells. NOX activity was elevated in hypoxia-induced BV-2 cells compared with that in untreated control cells, providing a functional role of NOX activation in hypoxia-induced oxidative stress ([Fig. 3E](#f3-bmb-49-687){ref-type="fig"}). However, the administration of KHG26792 markedly reduced NOX activity ([Fig. 3E](#f3-bmb-49-687){ref-type="fig"}). These results suggest that KHG26792 reduces the hypoxia-induced accumulation of ROS through an at least partial downregulation of NOX function. Taken together, the results of [Fig. 3](#f3-bmb-49-687){ref-type="fig"} demonstrate that KHG26792 may be a valuable and novel agent for studying the relationship between oxidative and disease pathophysiology.

Effects of KHG26792 on hypoxia-induced expression of NOX2, HIF-1α, and NF-κB
----------------------------------------------------------------------------

Under hypoxic conditions, increased NOX activity was reportedly accompanied by NOX2 expression in the prefrontal cortex of mice, which also activated HIF-1 in a ROS-dependent manner ([@b12-bmb-49-687], [@b15-bmb-49-687]). In the present study, KHG26792 effectively attenuated hypoxia-induced NOX activity ([Fig. 3E](#f3-bmb-49-687){ref-type="fig"}) and ROS production ([Fig. 3D](#f3-bmb-49-687){ref-type="fig"}); thus, we further examined the effect of KHG26792 on the protein expression of NOX2 in hypoxia-induced BV-2 cells. As shown in [Fig. 4A](#f4-bmb-49-687){ref-type="fig"}, NOX2 was expressed in microglia, consistent with the previous observation by Harrigan *et al.* ([@b16-bmb-49-687]), but the basal expression of NOX2 was very low in control BV-2 cells. In contrast to the control group, hypoxia dramatically increased NOX2 expression, and the pretreatment of KHG26792 significantly reduced hypoxia-induced NOX2 expression ([Fig. 4A, B](#f4-bmb-49-687){ref-type="fig"}). These results indicate that NOX2-derived oxidative stress is involved in hypoxia-induced microglial activation, and the suppression of NOX2 expression by KHG26792 may partly explain its anti-oxidant and anti-apoptotic properties in BV-2 cells under hypoxic conditions.

HIF-1 regulates oxygen homeostasis and is composed of two transcription factors: HIF-1α and HIF-1β. Unlike HIF-1β, which is constitutively present, HIF-1α is kept at low levels in many cell types under normoxia. Many studies have shown that hypoxia may lead to the activation of microglia and the induced expression of HIF-1α was readily detected in hypoxic BV-2 cells ([@b17-bmb-49-687]). Previous studies have also demonstrated that HIF-1α has a pro-oxidant role under hypoxic conditions by increasing NOX activity ([@b15-bmb-49-687]). Moreover, HIF-1α directly binds to the promoter of NOX2 and is required for hypoxia-induced ROS generation ([@b12-bmb-49-687]). In the present study, we investigated the effect of KHG26792 on the induced expression of HIF-1α in BV-2 cells.

As shown in [Fig. 4](#f4-bmb-49-687){ref-type="fig"}, hypoxia increased the protein expression of HIF-1α, which is consistent with previous reports ([@b17-bmb-49-687]). Increased HIF-1α expression was effectively attenuated by pretreatment with KHG26792. Taken together, the downregulation of NOX2 and HIF-1α ([Fig. 4](#f4-bmb-49-687){ref-type="fig"}) was accompanied by a decrease in ROS levels ([Fig. 3](#f3-bmb-49-687){ref-type="fig"}). These results suggest that the suppression of NOX2/HIF-1α signaling is involved in the protective effect of KHG26792 against hypoxia-induced ROS production in microglial cells, although the precise mechanism of ROS generation under hypoxic conditions remains unclear. Our results provide further insight into the molecular mechanisms underlying the regulation of the oxygen sensitivity of HIF and into the development of agents that manipulate HIF activity as therapeutic targets for hypoxia-induced disorders in CNS ([@b18-bmb-49-687]).

Many studies have reported that NF-κB can be activated by hypoxia. Thus, we next explored whether KHG26792 could prevent the activation of the NF-κB pathway in hypoxia-induced BV-2 cells. Western blotting results indicate that the levels of NF-κB expression were not significantly changed in any group but that hypoxia slightly increased the phosphorylation of NF-κB ([Fig. 4A, B](#f4-bmb-49-687){ref-type="fig"}), which is in agreement with previous observations ([@b2-bmb-49-687]). However, no significant changes in the phosphorylation of NF-κB were observed among the hypoxia-induced groups in the presence or absence of KHG26792 ([Fig. 4A, B](#f4-bmb-49-687){ref-type="fig"}), suggesting that KHG26792 did not inhibit NF-κB activation.

In summary, our present report is the first to show that KHG26792 can significantly attenuate hypoxia-induced oxidative stress in microglia. However, we cannot exclude other potential mechanisms by which KHG26792 may attenuate hypoxia-induced microglial cell injury. Our findings in this study add to the anti-oxidative potential of KHG26792 for use in brain injury, although further supporting data from in vivo studies may need to clarify the mechanisms involved and to further understand the protective effects of this novel compound.

MATERIALS AND METHODS
=====================

Materials
---------

Phosphate-buffered saline and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO). Anti-inducible nitric oxide synthase (iNOS), anti-caspase-3, anti-NF-κB p65, anti-phospho-NF-κB p65, anti-hypoxia-inducible factor (HIF)-1 alpha, anti-NADPH oxidase 2 (NOX2), and anti-β-actin were purchased from Cell Signaling Technology (Beverly, MA). All other reagents were of the highest purity among commercially available products. KHG26792 was synthesized and purified as described previously ([@b19-bmb-49-687]). KHG26792 was dissolved in DMSO and stored at --20°C as a stock solution (10 mM). KHG26792 was then diluted to the desired final concentration in the treatment medium.

Cell culture and hypoxic exposure
---------------------------------

BV-2 microglial cells were maintained in DMEM with 5% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) in a 5% CO~2~ incubator, as described previously ([@b8-bmb-49-687]). For hypoxic exposure, cells were changed to hypoxia by placing them in a chamber with 3% oxygen, 5% CO~2~, and 92% nitrogen at 37°C. Cells serving as controls were incubated at 37°C with 95% air and 5% CO2 ([@b2-bmb-49-687]). For most experiments, BV-2 cells were pretreated with KHG26792 for 30 min followed by hypoxia for 24 h, while controls were treated with the vehicle except where indicated. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide sodium (MTT) assay, as described previously ([@b20-bmb-49-687]). The dark blue formazan crystals that formed in intact cells were solubilized with MTT lysis buffer, and absorbance at 595 nm was measured using an enzyme-linked immunosorbent assay (ELISA) microplate reader.

TUNEL staining
--------------

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed in accordance with manufacturer specifications with a slight modification as described elsewhere ([@b21-bmb-49-687]). The DeadEnd Fluorometric TUNEL system (Promega, Madison, WI, USA) was used for nick-end labeling with terminal deoxynucleotidyl transferase. The TUNEL positive cells with green fluorescent staining were defined as apoptotic cell death. For cell counts, TUNEL-positive cells were counted manually in three different images of each of three coverslips by three individuals blinded to the experiment.

Measurement of caspase-3 and NADPH oxidase activity
---------------------------------------------------

For caspase-3 assay, cell lysates were incubated with the caspase-3 substrate acetyl-DEVD-p-nitroanilide (Ac-DEVDpNA; Sigma) at 37°C for 1 h in 30 mM HEPES, 100 mM NaCl, 0.15% Triton X-100, 1 mM protease inhibitor cocktail (Sigma), 0.3 mM EDTA, and 10 mM DTT. The changes in optical density at 405 nm were measured using a spectrophotometer. NADPH oxidase (NOX) activity was estimated depending on the oxidation of dihydroethidium to ethidium, as described previously ([@b2-bmb-49-687]). Ethidium fluorescence was measured over 30 min at an excitation wavelength of 480 nm and an emission wavelength of 610 nm. NOX activity was expressed as the change in ethidium fluorescence per hour and was then normalized to the value for the hypoxia-induced group.

Protein nitration
-----------------

3-Nitrotyrosine levels were immunochemically measured using the methods described by Sultana *et al.* ([@b22-bmb-49-687]). The mouse anti-nitrotyrosine antibody was used as the primary antibody, and immunoreactive bands were detected using an enhanced chemiluminescence kit according to the manufacturer's instructions (Amersham Bioscience, Piscataway, NJ). Densitometric analyses of bands in blot images were used to calculate the levels of 3-nitrotyrosine.

Measurement of nitric oxide (NO) and reactive oxygen species (ROS) Production
-----------------------------------------------------------------------------

Because nitrite is a major product of NO, the concentration of NO in supernatants was assessed by measuring the amount of nitrite generated using Griess reagent \[1% sulfanilamide/0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride/2.5% H~3~PO~4~\], as previously described ([@b8-bmb-49-687]). Optical density was measured at 540 nm using a microplate reader. The NO concentration was calculated based on a reference standard curve for sodium nitrite generated using known concentrations of NO.

A microfluorescence assay using DCF-DA was used to monitor the production of ROS in BV-2 cells, as described previously ([@b8-bmb-49-687]). The fluorescence intensity of the DCF product was measured by using a SpectraMax GEMINI XS fluorescence spectrophotometer (Molecular Devices) at an excitation wavelength of 485 nm and an emission wavelength of 538 nm. All experiments were performed in the dark.

Western blotting
----------------

Crude extracts were mixed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, boiled for 5 min, and analyzed by 10% SDS-PAGE. Resolved proteins were transferred onto nitrocellulose membranes, detected by enhanced chemiluminescence according to the manufacturer's instructions (Amersham, Buckinghamshire, UK), and analyzed using a Molecular Image ChemiDoc XRS system (Bio-Rad; Hercules, CA) ([@b23-bmb-49-687]). Densitometry was performed using Image J software (NIH; Bethesda, MD). β-Actin was used to confirm equal protein loading for all samples.

Statistical analysis
--------------------

Statistical data are expressed as means ± SD and are representative of three independent experiments. Individual differences between the groups were analyzed using one-way ANOVA, followed by Student's *t*-test, and a threshold of P \< 0.01 was used to define statistical significance.
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![Effects of KHG26792 on cell viability in hypoxia-induced (HI) BV-2 microglial cells. (A) Cell viability was assessed by the MTT reduction assay. (B) TUNEL assay. Scale bars indicate 10 μm. Data are presented as means ± S.D. and are representative of three independent experiments. \*indicates statistical significance between the hypoxia-induced group and hypoxia-induced group pretreated with KHG26792 (P \< 0.01).](bmb-49-687f1){#f1-bmb-49-687}

![Effects of KHG26792 on activity and protein level of caspase-3 in hypoxia-induced (HI) BV-2 microglial cells. KHG26792 significantly reduced hypoxia-induced caspase-3 activity (A) and protein levels (B) in BV-2 cells at 24 h after hypoxia. Data are presented as means ± S.D. and are representative of three independent experiments. \*indicates statistical significance between the hypoxia-induced group and hypoxia-induced group pretreated with KHG26792 (P \< 0.01).](bmb-49-687f2){#f2-bmb-49-687}

![KHG26792 attenuates hypoxia-induced (HI) increases in NO (A), iNOS protein level (B), protein nitration (C), ROS production (D), and NOX activity (E) in BV-2 cells. Data are presented as means ± S.D. and are representative of three independent experiments. \*indicates statistical significance between the hypoxia-induced group and hypoxia-induced group pretreated with KHG26792 (P \< 0.01).](bmb-49-687f3){#f3-bmb-49-687}

![Effects of KHG26792 on the protein expression levels of NOX2, HIF-1α, and NF-κB in hypoxia-induced (HI) BV-2 microglial cells. Equal amounts of crude extracts were immunoblotted using primary antibodies against each protein (A). Bar graphs showing the quantification of levels of NOX2/β-actin, HIF-1α/β-actin, and phospho-NF-κB/NF-κB were calculated using densitometry (B-D). Data are presented as means ± S.D. and are representative of three independent experiments. \*indicates statistical significance between the hypoxia-induced group and hypoxia-induced group pretreated with KHG26792 (P \< 0.01).](bmb-49-687f4){#f4-bmb-49-687}

[^1]: These authors contributed equally to this work.
